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(54) Coriolis-type mass flowmeter 

(57) A manifold block (16) defines a coaxial inlet and 
outlet of the flowmeter and supports a continuous con- 
duit loop (18) substantially encircling the block and hav- 
ing its inlet and outlet ends closely spaced. Preferably, 
the loop includes a straight section (26) perpendicular to 
the inlet and outlet ends. Dual drive units (70) are pref- 
erably provided for oscillating the straight section about 
its perpendicular bisector and position detectors (80) 
employed near the opposite ends of the straight section, 



preferably at the same location as the drive units, provide 
readouts which are combined algebraically and synchro- 
nously demodulated to yield an output indicative of mass 
flow. A second loop (20) identical and parallel to the first, 
is supported by the block. Interchangeable manifolds are 
disclosed for series and parallel flow through the two 
loops, respectively. The plane of the loop or loops can 
be oriented perpendicular or parallel to the process line. 
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Description 

Background of the Invention 

The present invention relates generally to Coriolis- 5 
type mass flowmeters and in particular to mass flowme- 
ters employing oscillating conduits. 

In response to the need to measure the quantity of 
material being delivered through pipelines, numerous 
types of flowmeters have evolved from a vaariety of w 
design principles. One of the more widely used types of 
flowmeters is based on volumetric flowmeters are at best 
inaccurate in determining the quantity of material deliv- 
ered, where the density of the material varies with tem- 
perature or feedstock or where the fluid being pumped is 
through the pipe line is polyphase such as a slurry or 
where the fluid is non-Newtonian such as mayonnaise 
and other food products. In the petroleum field, so called 
"custody transfer requires accurate measurement of the 
exact amount of oil or gasoline being transferred through 20 
the pipeline. The higher the price of oil, the more costly 
the inaccuracy of the flow measurement. In addition, 
chemical reactions, which are in effect mass reactions 
where proportions are critical, may be poorly served by 
volumeteric flowmeters. 25 

These problems are supposed to be solved by mass 
flowmeters which provide a much more direct indication 
of the quantity of material-down theoretically to the 
molecular level-which is being transferred through the 
pipeline. Measurement of mass in a moving stream 30 
requires applying a force to the stream and detecting and 
measuring some consequence of the resulting acceler- 
ation. 

The present invention is concerned with improve- 
ments in one type of direct mass measuring flowmeter 35 
referred to in the art as a Coriolis effect flowmeter. Cori- 
olis forces are exhibited in the radial movement of mass 
on a rotating surface. Imagine a planar surface rotating 
at constant angular velocity about an axis perpendicu- 
larly intersecting the surface. A mass travelling at what 40 
appears to be a constant linear speed radially outward 
on the surface actually speeds up in the tangential direc- 
tion. The change in velocity implies that the mass has 
been accelerated. The acceleration of the mass gener- 
ates a reaction force in the plane of rotation perpendic- 45 
ular to the instantaneous radial movement of the mass. 
In vector terminology, the Coriolis force vector is the 
cross-product of the angular velocity vector (parallel to 
the rotational axis) and the velocity vector of the mass in 
the direction of its travel with respect to the axis of rota- so 
tion (e.g., radial). Consider the mass as a person walking 
on a turntable and the reaction force will be manifested 
as a listing of the individaul to one side to compensate 
for acceleration. 

The applicablity of the Coriolis effect to mass flow 55 
measurement was recognized long ago. If a pipe is 
rotated about a pivot axis orthogonal to the pipe, the 
material f lowing through the pipe is a radially travelling 
mass which, therefore, experiences acceleration. The 



Coriolis reaction force shows up as a deflection or offset 
of the pipe in the direction of the Coriolis face vector in 
the plane of rotation. 

Mass flowmeters in the prior art which induce a Cori- 
olis force by rotation fall into two categories: continuously 
rotating and oscillating. The principal functional differ- 
ence between these two types is that the oscillating ver- 
sion, unlike the continuously rotating one, has 
periodically (i.e., usually sinusoidally) varying angular 
velocity producing, as a result, a continuously varying 
level of Coriolis force. In addition, a major difficulty in 
oscillatory systems is that the effect of the Coriolis force 
is relatively small compared not only to the drive force 
but also to extraneous vibrations. On the other hand, an 
oscillatory system can employ the bending resiliency of 
the pip itself as a hinge or pivot point for oscillation and 
thus obviate separate rotary or flexible joints. 

Some of the remaining problems with prior art Cori- 
olis effect mass flowmeters are that they are too sensitive 
to extraneous vibration, require precise balancing of the 
conduit sections undergoing oscillation, consume too 
much axial length on the pipeline and produce undue 
stress and resulting fatique in the consuit at the flexure 
point or fail to provide adequate mechanical ground at 
the oscillating conduit 

Summary of the Invention 

The general purpose of the invention is to improve 
the performance of Coriolis-type mass flowmeters by 
optimizing the overall design of the flowmeter. A more 
specific goal is to eliminate or lessen some of the short- 
comings of prior art mass flowmeters to make them more 
reliable, more compact and less susceptible to interfer- 
ence from extraneous loads and, of course, more accu- 
rate, without unduly increasing the complexity or 
manufacturing cost of the meter. 

These and other objects of the invention are 
achieved by various combinations of features disclosed 
herein. The claims appended hereto should be consulted 
for the scope of the invention. A rigid central block sup- 
ports at least one loop of tubing connected via the block 
to an inlet and outlet of the meter. The inlet and outlet 
ends of the loop itself are preferably connected to the 
block by respective straight parallel conduit legs closely 
spaced to each other and rigidly connected to the block 
at their proximal ends. The loop includes a straight sec- 
tion preferably perpendicular to the inlet and outlet legs. 
However, in the generalized case the parallel inlet/outlet 
legs ought to be substantially perpendicular to the 
orthogonal projection of the straight section onto the 
plane defined by the legs. The respective ends of the 
straight section are connected to the inlet and outlet by 
means of side sections or lobes. In one embodiment, the 
side sections are sloping and straight, forming an overall 
configuration like a coat hanger except for the parallel 
inlet/outlet legs. Drive means are provided for oscillating 
the straight section back and forth about its perpendicu- 
lar bisector, preferably an axis of symmetry for the loop. 
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Complementary position detectors employed at or near 
the opposite ends of the straight section provide read- 
outs which are combined algebraically to yield a Coriolis- 
related term. 

In another aspect of the invention, complementary 
dual drive units are located at opposite ends of the 
straight section and impart to it oscillatory motion about 
the perpendicular bisector axis. TTie intermediate protion 
of the striaght section is thus left free. In the preferred 
embodiment, corresponding drive units and position 
detectors are located at approximately the same point 
along the loop to drive and detect the same type of 
motion. 

In the preferred embodiment and as another aspect 
of the invention, a second loop parallel to the first is sup- 
ported by the same block. The second loop is preferably 
identical to the first and lies in a closely spaced parallel 
plane. The block is channeled to serve as a manifold and 
coupled to the process line. Incoming fluid enters an 
intake manifold ported through the block to at least one 
of the inlet ends of the two loops. At least one of the outlet 
ends of the loops is ported through the block to an outlet 
manifold which is reconnected into the pipeline. The 
blockthus serves not only as mechanical ground for each 
of the loops but also as a manifold. However, the block 
can be channeled for series or parallel flow. The flow 
direction in the loops is preferably the same. 

In the preferred embodiment, the loops are driven 
180° out of phase. Given a center line parallel to both 
straight sections and midway between them, corre- 
sponding ends of the two straight sections of the loops 
move toward the center line or away from the center line 
together. The motion of each loop is absorbed as tor- 
sional deflection in the straight parallel legs connecting 
the loops respectively to the manifold block. Together, 
the two loops and the manifold block form a tuning fork 
assembly. The motion of the two loops tends to cancel 
out at the block and the inertia of the block tends to iso- 
late the loops from extraneous vibration. Further isola- 
tion can be accomplished by welding the tubes to an 
isolation plate displaced from the manifold. 

The plane of the loop or loops can be oriented per- 
pendicular or parallel fin-line) to the process line. In the 
perpendicular orientation, the driver and detector 
assemblies at the ends of the straight sections are pref- 
erably supported on the ends of opposed arms cantilev- 
ered from the manifold block. The axial length of the 
meter in the direction of the process line can be made 
very small, on the order of one foot for a one inch tube. 
With the other orientation, for example, where the plane 
of each loop is parallel to the process line, the 
drive/detector assemblies can be supported by similar 
cantilevered arms over the process line. While the in-line 
configuration may reduce the meter's susceptibility to 
vibration in certain cases, the trade-off is an increase in 
the axial length of the meter. 



Rripfnp^riptinnofthe Drawing 

Fig. 1 is an oblique isometeric view of a double loop, 
dual drive, central manifold, Coriolis effect massflowm- 
5 eter according to the invention. 

Fig. 2 is a plan schematic view of the flowmeter of 
Fig. 1 with a parallel flow manifold block. 

Fig. 2A is a plan schematic fragmentary view like 
that of Fig. 2 with a series flow manifold block. 
10 Fig. 3 is a side schematic view in elevation of the 
apparatus of Fig. 2 taken in the indicated direction along 
lines 3-3. 

Fig. 4 is a side elevational view of the apparatus of 
Fig. 1 in more detail with portions of the central manifold 
is assembly broken away to reveal the inlet and outlet 
chambers. 

Rg. 5 is a sectional view with portions in plan taken 
in the direction indicated along the lines 5-5 of Fig. 4. 
Rg. 6 is a side elevational view of the central mani- 
20 fold assembly with the tubes and support arm in section 
taken in the direction indicated along the lines 6-6 of Fig. 
4. 

Rg. 7 is a plan view of an in-line embodiment of a 
double loop, dual drive Coriolis effect mass flowmeter, 
25 according to the invention, in which the planes of the 
loops are oriented parallel to the process line. 

Rg. 8 is a sie elevational view of the apparatus of 
Fig. 7. 

Rg. 9 is a schematic representation of three modes 
30 of motion of the apparatus of Figs. 1 and 7. 

Rgs. 10A and 10B are contrasting schematic repre- 
sentations of dual and single node plates respectively 
undergoing exaggerated torsional in-plane deflection. 
Rgs. 1 1 A and 1 1 B are contrasting schematic repre- 
ss sentations of the effect of exaggerated torsional deflec- 
tion on the pipeline connected to the casting 16 in the 
perpendicular and in-line embodiments, respectively. 

Rg. 1 2 is a functional block diagram of the electrical 
circuitry for the drivers and detectors associated with the 
40 perpendicular and in-line embodiments of Rg. 1 and Rg. 
7. 

Rgs. 1 3 and 1 4 are schematic perspective and plan 
representations of alternate loop configurations, respec- 
tively. 

45 

Description of the Preferred Embodiments 

A specific tubular configuration is described herein 
in two orientations, perpendicular and in-line with 

so respect to the direction of the process flow, i.e. , the direc- 
tion of flow in a straight section of pipeline in which the 
meter is to be inserted. The implementations illustrated 
herein are designed for one inch pipelines for a variety 
of products including petroleum based fuels, for exam- 

55 pie. The invention, of course, is applicable to a wide vari- 
ety of other specific designs for the same or different 
applications. 

Rg. 1 illustrates a double loop, dual drive/detector 
system with torsional loading of the tube ends where they 
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are connected to a single rigid central manifold con- 
nected in line with the process flow. The same embodi- 
ment is shown in Figs. 1 , 2 and 3-6 with more detail being 
provided in Figs. 4-6. 

The mass flowmeter of Fig. 1 is designed to be 
inserted in a pipeline 10 which has had a small section 
removed or reserved to make room for the meter. The 
pipeline 10 is equipped with opening spaced flanges 12 
which mate with mounting flanges 14 welded to short 
sections of pipe 1 0' connected to a massive central man- 
ifold block 1 6 supporting two parallel planar loops 1 8 and 
20. The configuration of loops 18 and 20 is essentially 
identical. Thus, the description of the shape of loop 18 
holds true for loop 20 as well. Manifold block 16 is pref- 
erably a casting in the shape of a solid rectangular block 
with a flat horizontal upper surface or top 1 6a and integral 
pipe sections 10'. The ends of loop 18 comprise straight 
preferably vertical parallel inlet and outlet sections or 
legs 22 and 24 securely affixed, e.g., by butt welding, to 
the top of the manifold 16a in close proximity to each 
other. The base of loop 18 is a long straight section 26 
passing freely through an undercut channel 28 in the bot- 
tom face of the casting 16. The long straight section 26 
at the base of the loop 1 8 is connected to the upright legs 
22 and 24 by respective diagonal sections 30 and 32. 
The four junctions between the various straight seg- 
ments of the loop 18 are rounded by large radii turns to 
afford as little resistance to flow as possible. In particular, 
upright legs 22 and 24 are connected to the respective 
diagonal segments 30 and 32 by means of apex turns 
34 and 36 respectively. The ends of the long straight 
base section 26 are connected to the respective ends of 
the diagonal segments 30 and 32 by lower rounded turns 
38 and 40. 

The parallel inlet/outlet ends 22, 24 of both loops 1 8 
and 20 pass through a correspondingly aperture isola- 
tion plate or node plate 41 which is parallel to surface 
1 6a and spaced therefrom by a predetermined distance, 
for example, 0.825 inch in a one-inch pipe embodiment. 
The node plate serves as a stress isolation bar and 
def ines a common mechanical ground for each loop. 

An advantage of the node plate 41 as mechanical 
ground compared to the casting 16 is that the intercon- 
nection of the plate and inlet/outlet legs 22, 24 is by way 
of completely external circular weldments on the upper 
and lower surfaces of the plate, forming two external 
rings around each leg. In contrast, the butt welds of the 
tube ends to the bosses on the casting 16 are exposed 
on the interior to the process fluid which will tend in time 
to corrode the weldments faster if they are in constantly 
reversing torsional stress. 

Manifold casting 16 is channeled inside so that the 
inlet stream is diverted in parallel to upright legs 22 of 
loops 1 8 and 20 as shown in Fig. 2. The loop outlet from 
upright legs 24 is combined and diverted to the outlet of 
the meter, back to the pipeline 10. The loops 18 and 20 
are thus connected in parallel flow-wise as well as geom- 
etry-wise. 



Fig. 2A shows a variation in which the channels in 
manifold block 16* are modified for series flow through 
the loops. Blocks 16 and 16' are otherwise interchange- 
able. 

5 The manifold casting 16 is shown in Figs. 4 and 5. 
A pair of offset overlapping channels 42 and 44, parallel 
to the process line, are connected to the respective inte- 
gral inlet and outlet pipe sections 10' by means of larger 
offset openings 46 and 48. Channels 42 and 44 are in 

w communication respectively with the inlet and outlet of 
the meter to form intake and exhaust manifolds. A pair 
of vertical spaced ports 52 through the casting 16 com- 
municate the inlet legs 22 of the loops 1 8 and 20 with the 
intake manifold formed by channel 42. Likewise, a pair 

is of vertical spaced ports 54 communicate the upright out- 
let legs 24 of loops 18 and 20 with the exhaust manifold 
formed by channel 44. As shown in Figs. 4 and 6, the 
ends of the two pairs of upright legs 22 and 24 are butt 
welded to hollow conical bosses 56 rising integrally from 

20 the casting coaxially with respective ports 52 and 54. 

The electrical driver/detector assemblies are sup- 
ported independently on the outboard ends of rigid 
opposed arms 60 and 62 in the form of T-beams securely 
attached to opposite faces of the manifold casting 1 6 by 

25 disk shaped mounting flanges 64. Flanges 64 and cast- 
ing 1 6 may be matingly keyed as shown in Fig. 5 for extra 
stability. Cantilevered arms 60 and 62 extend parallel 
within the planes of the two loops 1 8 and 20 and the ver- 
tical plates of the arms pass between the corners 38 and 

30 40 where the driver/detector assemblies are located for 
both loops. 

At the end of the upper deck of each cantilevered 
arm 60, 62, two identical solenoid type driver assemblies 
70 are located and held in position by driver brackets 72. 

35 Each driver comprises a pair of solenoid coils and pole 
pieces 74 which act on ferromagnetic slugs 76 welded 
onto opposite sides of the lower turn 38, 40. Thus, there 
are eight independent drivers, one pair for each end of 
each loop 18, 20. Each driver imparts reciprocal side- 

40 ways motion to the tube between the slugs 76. 

By energizing the driver pairs on opposite ends of 
the same tube with current of equal magnitude but oppo- 
site sign (180° out of phase), straight section 26 is 
caused to rotate about its coplanar perpendicular bisec- 

45 tor 70 which intersects the tube at point c as shown in 
Fig. 1 . The drive rotation is thus preferably in a horizontal 
plane about point c. The perpendicular bisectors for the 
straight sections of both loops preferably lie in a common 
plane of symmetry for both loops as noted in Fig. 1 . 

so Repeatedly reversing (e.g., controlling sinusoidally) 
the energizing current of the complementary drives 70 
causes the straight section 26 of the loop 18 to execute 
an oscillatory motion about point c in the horizontal 
plane. The motion of each straight section 26 sweeps out 

55 a bow tie shape. The entire lateral excursion of the loop 
at the corners 38 and 40 is small, on the order of 1/8 of 
an inch for a two foot long straight section 26 for a one 
inch pipe. This displacement is coupled to the upright 
parallel legs 22 ad 24 as torsional deflection about the 
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axes of the legs 22 and 24 beginning at the node plate 
41 . The same type of oscillatory motion is induced in the 
straight section of the loop 20 by the other respective pair 
of compl ementary drives 70 supported on the outer ends 
of the upper deck of the cantilevered arms 60 and 62, 5 
respectively. 

The central vertical portion of the T-beam extends 
between the corners 38 and 40 of the two loops 18 and 
20, respectively, and supports detector assemblies 80 on 
brackets 82 at the respective ends of the arms 60 and 10 
62. Each of the four detector assemblies 80 includes a 
position, velocity or acceleration sensor, for example, a 
variable differential transformer having a pair of coils 
mounted on the stationary bracket 82 and a movable ele- 
ment between the coils affixed to the tube corner 38, 40. 15 
The movable element is connected to a strap welded to 
the corner 38, 40 of the loop as shown. Conventional 
optical, capacitive or linear variable displacement trans- 
ducers (LVDTs) may be substituted. It is desirable for the 
position detector to have an output that is linear with 20 
respect to displacement over the limited deflection range 
and relatively insensitive to motions substantially skewed 
with respect to the plane of the respective loop. However, 
the implementation of the detector is a matter of design 
choice and does not form a part of the present invention. 2s 

The driver detector assembly pairs 70, 80 for loop 
1 8 are designated A and B corresponding to the opposite 
ends of the straight sections 26 of loop 1 8. Likewise, the 
driver/detector assemblies for the other parallel loop 20 
are designated C and D for the left and right ends as 30 
viewed in the drawing. 

An alternate embodiment of the same parallel loop 
configuration shifted 90° is shown in Figs. 7 and 8. Here, 
the planes of the loops 18 and 20 are arranged parallel 
totheprocessflowdirection. In-line pipe section 10" con- 35 
necting the mounting flange to the somewhat abbrevi- 
ated manifold casting 16 is extended (or connected to 
another pipe segment) to traverse the entire length of 
one side of the loops 18 and 20. The motion of the loops 
and location of the node plate and driver/detector assem- ao 
blies are identical to those in the perpendicular embod- 
iment of Fig. 1. In the in-line embodiment of Figs. 7 and 
8, however, the driver/detector assembly arms 60' and 
62' may, if desired, be supported over their entire length 
by the respective pipe section 10" . The parallel flow 45 
paths among the loops 18 and 20 in Figs. 7 and 8 are 
identical to those in the embodiment of Rg. 1 . The chan- 
neling of the manifold casting 16" is somewhat different 
in that the manifolds 42' and 44' are perpendicular to the 
coaxial inlet/outlet lines. 50 

The motion of the straight sections 26 of loops 18 
and 20 for either perpendicular or in-line embodiments 
is shown in three modes a, b and c in Fig. 9. Drive mode 
b is oscillatory about point c with the two loops rotating 
synchronously but in the opposite sense, i.e., while loop ss 
18 rotates clockwise, loop 20 is undergoing counter- 
clockwise rotation. Consequently, respective ends such 
as a and c as shown in Fig. 9 periodically come together 
and go apart This type of drive motion induces Coriolis 



effects in opposite directions as shown in aof Fig. 9. Cori- 
olis mode motion thus tends to pivot the whole planes of 
the loops 18 and 20 respectively but in the opposite 
direction. The Coriolis effect is greatest when the two 
straight sections 26 are parallel as shown in a of Fig. 9 
because the sinusoidally varying angular velocity is then 
at its maximum. Because the Coriolis mode motion of 
each loop is in the opposite direction, the straight sec- 
tions 26 move slightly toward (or away) from each other 
as shown in a of Rg. 9. A common mode motion, unde- 
sirable in this instrument, would be one which deflected 
the loops in the same direction as shown in c of Fig. 9. 
This type of motion might be produced by an axial wave 
in the pipeline itself in the embodiment of Fig. 1 because 
the loops are oriented perpendicular to the pipeline. The 
in-line embodiment of Figs. 7 and 8 might be less vulner- 
able to this type of extraneous vibration. 

The resonant frequency of the Coriolis motion and 
common mode motion should be determined by design 
conf iguration to be different from the resonant frequency 
of the oscillatory motion of the straight section, i.e., the 
drive mode. 

The further the displacement of the node plate 41 in 
Fig. 1 from the casting 16, the higher the resonant fre- 
quency of the loop in the drive mode. However, the node 
plate also tends to reduce the Coriolis effect displace- 
ment, the farther the plate is spaced from the casting 1 6. 
Two node plates 41a and 41b can be employed linking 
corresponding ends of the loops as shown in Rg. 10A. 
Using one plate, however, as shown in Rg. 1 and 10B, 
may provide better isolation. In either case as the dis- 
tance of the node plate or plates from the manifold 
increases, the meter becomes less sensitive to Coriolis 
mode and requires more drive force for the same tube 
configuration. 

The in-line version of Fig. 7 and 8 has a possible 
advantage over the perpendicular model of Fig. 1 which 
is illustrated in Figs. 1 1 A and 1 1 B. In the meter with the 
loops perpendicular to the process line, the torsional 
stress on the casting 16 tends to distort the casting 
slightly by placing face 16b in tension and face 16c in 
compression skewing the faces to which the process line 
is connected. While the manifold casting 16 bends less 
than the node plate or plates shown in Rg. 1 0A and 1 0B, 
a slight transverse oscillation of the pipeline from side to 
side could arise as illustrated in Fig. 11 A. The in-line 
design may be less susceptible since the pipeline is con- 
nected to faces 16b and 16c which deflect more in par- 
allel than the other two faces, as illustrated in Rg. 11B. 
Of course, the magnitude of the torsional stress of the 
casting in either case is reduced by employing a node 
plate or plates. 

As shown in Fig. 1 2, the sensing and control scheme 
employs dual sensors and dual drivers corresponding to 
the ends of each loop. For loop 18. positions A and B at 
the lower corners 38 and 40 are occupied by respective 
sensors and drivers. Likewise, positions C and D at the 
ends of the lower straight section of loop 20 are occupied 
by corresponding sensors and drivers. The four position 
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sensors, preferably variable differential transformers, are 
excited by a 30 kHz sine wave from oscillator 100. The 
outputs of the transformer coils are demodulated by 
respective amplitude demodulators 102 and fed to sum 
and difference circuits as shown. At this point, the output 
voltage of sensor A will be of the form: 

V A = A D sin <ot + A c cos cot 

The output of the B sensor will be of the form: 

V B = -A D sin cot + A c cos cot 

The sine term represents the drive mode motion and the 
cosine term 90° out of phase with the sine term, repre- 
sents the Coriolis mode motion. The difference of these 
voltage signals (DRV1) doubles the drive signal and can- 
cels the Coriolis term. The sum of these voltage signals 
(COR1) doubles the Coriolis term and cancels the drive 
signal. The derivative of the drive term DRV1 out of dif- 
ferentiator 1 04 transforms the signal to the cosine which 
is used as the drive signal. A similar sine drive mode term 
(DRV2) is derived from loop 20's position sensors C and 
D and compared, if necessary, with the drive mode term 
from loop 18 in phase lock servo 106. The error signal 
from circuit 106 is used in phase control block 108 as a 
control signal to rotate the phase if necessary by adding 
back a little of the sine component to the derivative term. 
The drive mode term (sine) DRV1 is compared with a DC 
reference by an amplitude servo 1 1 0 and fed to gain con- 
trol amplifier 1 12 to adjust the amplitude of the drive sig- 
nal to the driver 70 to maintain average amplitude of the 
drive output term constant. Instead of an amplitude servo 
110, the amplitude of the sine drive mode term can be 
allowed to vary and simply be monitored and ratioed in 
the output of the drive circuit. 

The phase and gain adjusted signal is compared to 
the drive mode damping signal from the differentiator 
104 and fed via summer 114 and an amplifier to force 
driver A on loop 1 8. Summer 1 1 4 adds in a Coriolis mode 
term and a common mode damping term if necessary. 
Coriolis mode damping uses the cosine term COR1 or 
COR2 to drive in the Coriolis mode in opposite direction 
at the Coriolis mode resonant frequeny in response to a 
spurious increase in Coriolis mode motion due, for exam- 
ple, to centrifugal acceleration of the flow. 

Common mode damping is provided by summing 
the reverse Coriolis terms COR1 and COR2 from the 
respective loops to see if they are other than in the oppo- 
site direction, i.e., if they are not equal and opposite. This 
term is added to the Coriolis term before compensating 
the drive signal in summer 1 14. 

The B force driver signal is derived in exactly the 
same way except that the drive mode signal is reversed. 
The drive signals for drivers C and D on loop 20 are sim- 
ilarly derived in a corresponding manner. 

The output signal designed to track Coriolis mode 
motion is derived by summing the magnitude of the Cori- 
olis terms and using the 90° out of phase drive mode 



motion signals to produce a quadrature reference 1 16 
which is used in a synchronous demodulator 1 18 which 
compares the Coriolis terms to the phase of the drive 
signal. The output of the demodulator 1 18 is passed via 

5 a low pass filter to remove noise. The synchronous 
demodulation step purifies the Coriolis term by removing 
components in phase with the drive signal. 

While common mode damping and phase locking 
between the two loops may be necessary with some con- 

w figurations within the scope of the invention or with some 
applications, these coupling features have not been 
found to be necessary in prototypes of the embodiment 
of Fig. 1 . This is because the common mode motion and 
phase difference between the two loops has been found 

is to be negligible in practice. 

The general configuration of the loop or loops is not 
restricted to the "coat hanger" design of the detailed 
embodiment. Other configurations besides the "coat 
hanger" can be designed to embody the principle of an 

20 oscillating straight section with ends connected via side 
sections or lobes to respective parallel inlet/outlet legs h 
and l 2 which are approximately perpendicular to the 
orthogonal projection s' of the straight section s in the 
plane of the legs as illustrated in Fig. 1 3. The coat hanger 

25 design is considered to be a special case of the design 
principle of Fig. 13. 

Fig. 14 shows another substantially planar loop 
design embodying this principle. The parameters of 
width A, straight section B, height C and radius R can be 

30 varied to achieve different operating characteristics. 

The advantages of the invention and foregoing 
embodiments are numerous. In particular, the independ- 
ently controlled dual drive system for each loop elimi- 
nates imbalances and deflections along the length of the 

35 straight section 26 which could be caused by a single 
oscillatory drive on the axis 80 and permits separate con- 
trol of both ends to perfect the motion. Having the detec- 
tors right at the drivers insures that the system drives 
and senses the correct mode. The overall symmetry of 

40 the configuration adds to its stability. The rigid central 
manifold acts with the node plate as mechanical ground 
while the two pairs of straight legs 22, 24 in complemen- 
tary torsion exhibit a tuning fork effect in combination with 
the rigid block to reduce vibration of the block itself. 

45 Because of the orthogonal orientation of the loops, the 
axial pipeline length consumed by the meter of Fig. 1-6 
is minimized as shown by length I in Fig. 2. In the alter- 
nate configuration of Fig. 7 and 8, while the length I' con- 
sumed along the pipeline is far greater, the extension of 

so the meter, i.e., the transverse width w' as shown in Fig. 
7 is greatly reduced. The in-line embodiment of Figs. 7 
and 8 may also tend to eliminate zero offset better than 
the perpendicular version, i.e., when the flow is stopped. 
The oscillation of the straight section 26 exhibits a 

55 total linear displacement at each end far less than the 
diameter of the pipe segment. In fact, in successful pro- 
totypes, the excursion has been approximately on the 
order of 10% of the diameter of the pipe. 
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The foregoing embodiments are intended to be illus- 
trative and not restrictive. For example, the loop orienta- 
tion can be rotated 90° so that the long straight section 
26 is vertical if desired. In fact many other orientations 
of the loop are possible without necessarily affecting the 5 
operation of the meter. While the symmetry of the device 
can be changed, it is desirable since it allows reversal of 
components without affecting the operation of the meter. 
While the symmetry of the device can be changed, it is 
desirable since it allows reversal of components without 10 
affecting the operation of the instrument. Without affect- 
ing the overall design the meter can be produced in par- 
allel flow loops as shown in the drawings or in series f tow 
for low flow rates by simply stocking parallel and series 
manifolds. Moreover, arms 60 and 62 are not essential; is 
the detector and drive assemblies can be mounted 
directly to the loops themselves although the meter might 
be more susceptible to common mode motion. The 
push/iDull type drive units referred to herein and also not 
necessarily required as other suitable means of impart- 20 
ing oscillatory motion may be found to be satisfactory. 

Many other modifications, additions and/or subtrac- 
tions from the illustrated embodiments may be made 
without departing from the spirit or scope of the inven- 
tion, which is indicated by the appended claims and 25 
equivalents thereto. 

In particular, embodiments of the invention include 
the following. 

A dual drive Coriolis-type mass flowmeter, compris- 
ing » 
a support, 

a continuous loop of conduit solidly mounted at 
its inlet and outlet ends to the support, 

a pair of drive means acting on said loop at differ- 
ent respective points along the loop for oscillating said 35 
loop about an oscillation axis, and 

means for measuring the magnitude of Coriolis 
forces, arising as a result of mass flow in the portion of 
said conduit undergoing oscillatory motion, optionally 

40 

A) wherein said respective points are equidistant 
from an axis of symmetry of said loop; or 

B) wherein the portion of said loop between said pair 
of drive means is a substantially straight section; and 

in this latter case optionally either 45 



(v) wherein the ends of said loop connected to 
said support are parallel and perpendicular to 
said straight section, 

whereby oscillation of said straight section is 
accommodated by torsional vibration of said 
parallel sections. 

(C) wherein said measuring means includes posi- 
tion sensors juxtaposed respectively with said drive 
means; or 

(D) further comprising 

another support and another continuous con- 
duit loop solidly mounted at its inlet and outlet ends 
to said other support and other drive means for oscil- 
lating said other loop about an oscillation axis, and 

means corresponding to said second loop for 
measuring the magnitude of Coriolis forces therein, 
arising as a result of mass flow in said second con- 
duit while undergoing oscillatory motion, in which 
case, optionally either 



(A) wherein said conduit loops are parallel, in which 
case, further optionally, wherein the portions of said 
loops between said drive means are straight sec- 
tions, in which case, further optionally, further com- 
prising 

means for controlling both of said drive 
means so as to induce oscillatory motion of said 
straight sections about respective parallel perpen- 
dicular bisectors, in which case, further optionally, 

wherein the ends of each loop attached to the 
respective support are all parallel and perpendicular 
to the straight sections; or 

(B) wherein said other drive means includes a sec- 
ond pair of drive means acting on different respec- 
tive points along the other loop, and optionally, either 

(i) wherein said respective points on the other 
loop are equidistant from an axis of symmetry 
of the other loop; or 

(ii) wherein said loops are parallel and substan- 
tially identical in configuration and said respec- 
tive points along each loop are at the same 
corresponding positions on each loop, and 
optionally 

wherein corresponding ones of said 
respective points for both loops are equidistant 
from a plane of symmetry for both loops. 

A Coriolis-type mass flowmeter, comprising 
a single rigid manifold block, 
two substantially identical conduit loops, each 
substantially encircling said block and each having its 
inlet and outlet ends solidly mounted to said block in jux- 
taposition with each other and with the ends of the other 
loop, 

said loops having parallel straight sections, 



(i) wherein said drive means are at opposite 
ends of said straight section of said conduit; or 

(ii) further comprising means for controlling said 
drive means so that said straight section there- so 
between is oscillated about its perpendicular 
bisector; or 

(iii) further comprising a coaxial inlet and outlet 
of the flowmeter, said straight section being per- 
pendicular to the inlet/outlet axis; or 55 

(iv) further comprising a coaxial inlet and outlet 
of the flowmeter, said straight section being par- 
allel to the inlet/outlet axis, or 
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drive means for oscillating said straight sections 
about their parallel perpendicular bisectors respectively, 
and 

means for measuring the magnitude of Coriolis 
forces, arising as a result of mass flow in each straight 5 
section while undergoing oscillatory motion; and, 

(A) further comprising 

a coaxial inlet and outlet of the flowmeter 
defined in said Hock, 10 

said straight sections being perpendicular to 
the inlet/outlet axis; or 

(B) further comprising 

a coaxial inlet and outlet of the flowmeter 
defined in said block, 15 

said straight sections being parallel to the 
inlet/outlet axis; or 

(C) wherein the ends of said loops mounted to said 
block are all parallel and perpendicular to said 
straight sections; or 20 

(D) wherein said manifold block ha an inlet and an 
outlet for the flowmeter, said manifold having internal 
channel means communicating the flowmeter inlet 
with corresponding inlet ends of the respective loops 
and communicating the flowmeter outlet with the 25 
corresponding outlet ends of the respective loops; or 

(E) wherein said manifold block has an inlet and out- 
let for the flowmeter, said manifold having internal 
channel means communicating the flowmeter inlet 
with the inlet end of one of said loops and commu- 30 
nicating the outlet end of the one loop with the inlet 
end of the other loop and communicating the outlet 
end of the other loop and communicating the outlet 
end of the other loop with the outlet of the flowmeter 

for series flow through said loops. 35 

A Coriolis-type means flowmeter system, compris- 
ing 

a series flow rigid manifold block, 

a parallel flow rigid manifold block, 40 

said blocks having identically positioned flowme- 
ter inlets and outlets and four juxtaposed ports for con- 
nection to the loop ends, 

two substantially identical conduit loops with jux- 
taposed ends, 45 

said series block having internal channel means 
for communicating the flowmeter inlet with the inlet end 
of one of said loops, and communicating the outlet end 
of the one loop with the inlet end of the other loop and 
communicating the outlet end of the other loop with the so 
flowmeter outlet for series flow through said loops, 

said parallel block having internal channel means 
for communicating its flowmeter inlet with the inlet ends 
of both loops and communicating the outlet ends of both 
loops with the flowmeter outlet for parallel flow through ss 
said loops. 

means for oscillating corresponding sections of 
said loops, and 

means for measuring the magnitude of Coriolis 



forces arising as a result of mass flow in each section 
while undergoing oscillatory motion. 

whereby said blocks are interchangeable to real- 
ize series or parallel flow in the loops of the f towmeter; 
and, optionally, either: 

A) wherein said loop sections are parallel straight 
sections and said oscillating means includes means 
for oscillating said straight sections about their par- 
allel perpendicular bisectors; or 

B) wherein each said loop substantially encircles its 
ends, and, further optionally wherein the loop ends 
are all parallel and perpendicular to said straight 
sections. 

A Coriolis-type mass flowmeter, comprising 
a support 

a continuous conduit loop in the general shape of 
a coat hanger having its upper ends solidly mounted to 
said support. 

drive means for oscillating the long straight sec- 
tion of said loop about its perpendicular bisector, and 

means for measuring the magnitude of Coriolis 
forces, arising as a result of mass flow in the long straight 
section of conduit while undergoing oscillatory motion; 
and optionally, either: 

(A) wherein said support is a rigid internally chan- 
nelled body, the ends of said loop being parallel and 
perpendicular to said straight section, 

whereby the oscillatory motion of said 
straight section is accommodated by torsional stress 
of said end sections; and, optionally, 

wherein a portion of said body is cut away to 
form a channel through which said straight section 
freely passes; in which case, further optionally, fur- 
ther comprising 

a second loop of substantially identical shape 
to said first loop, said loops lying nominally in 
respective parallel planes, the ends of the second 
loop being solidly mounted to the same block as said 
first loop; or 

(B) further comprising 

a pair of opposed cantilevered arms rigidly 
connected to said body, 

said drive means including a pair of drive 
means mounted on the ends of said respective can- 
tilevered arms adjacent the respective ends of the 
straight section of said loop, and, optionally, 

wherein said measuring means includes a 
pair of position sensors measuring means includes 
a pair of position sensors located respectively on 
opposite ends of the same cantilevered arms carry- 
ing said drive means. 

A Coriolis-type mass flowmeter, comprising 
a support, 

a conduit loop having a straight section and par- 
allel inlet and outlet end sections perpendicular to the 
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orthogonal projection of said straight section onto the 
plane defined by said inlet/outlet sections, the end sec- 
tions being solidly mounted to said support, 

drive means for oscillating said straight section 
about an orthogonal axis passing through a point 5 
between the ends of said straight section, and 

means for measuring the magnitude of Coriolis 
forces arising as a result of mass flow in the straight sec- 
tion while undergoing oscillatory motion. 

A Coriolis-type mass flowmeter, comprising 10 

a single rigid manifold block having a coaxial inlet 
and outlet of the flowmeter, 

first and second conduit loops having parallel 
straight sections, the ends of each loop being parallel to 
each other and perpendicular to said straight section and is 
solidly mounted to said block close to each other, 

channel means in said manifold block for commu- 
nicating the inlet thereof with at least one of the inlet ends 
of said respective loops and for communicating the outlet 
of the manifold block with at least one of the outlet ends 20 
of the respective loops for series or parallel flow, 

a pair of drive means associated with each loop 
located approximately at the ends of the respective 
straight section for oscillating said straight section about 
its perpendicular bisector, 25 

position sensor means juxtaposed with each pair 
of drive means for sensing the deflection of said straight 
section out of the nominal plane of said loop, 

control means responsive to the outputs of said 
position sensors on a given loop fa controlling said drive 30 
means on the same loop, and 

means responsive to the output of the position 
sensors on both loops for measuring the combined mag- 
nitude of the Coriolis forces, arising as a result of mass 
flow in the straight sections of the conduit loops while 35 
undergoing oscillatory motion; and, optionally either: 

A) including a pair of common support means, 
respective pairs of drive means and corresponding 
position sensors being supported by respective 40 
ones of said support means; and, further optionally, 

wherein said support means are opposed 
arms cantilevered from said manifold blocks; or 

B) wherein the straight section of said loops are 
transverse to the inlet/outlet axis or said manifold 45 
block; or 

C) wherein the straight sections of said loops are 
parallel to the inlet/outlet axis of said manifold block. 

a signal processing and control method for a Cori- so 
olis-type mass flowmeter having at least one oscillating 
conduit, comprising 

oscillating a section of the conduit, 

detecting the displacements of the respective 
ends of said section and producing two corresponding 55 
complementary sensor outputs, each including a drive 
component and a Coriolis component, and 

recovering at least one of said components from 
said two sensor outputs; and, optionally, further compris- 



ing 

oscillating another conduit section in synchronism 
with said one section, and 

detecting displacement of the ends of said other 
section and producing two other corresponding comple- 
mentary sensor outputs, 

said recovery step further including recovering at 
least one of said components from both pairs of sensor 
outputs; and, optionally, either; 

A) wherein recovering one of said components is 
accomplished by cancelling out the other of said 
components, in which case, further optionally, 

wherein cancelling the other component is 
accomplished by summing or differencing said two 
sensor outputs; or 

B) wherein the Coriolis component is recovered; in 
which case, further optionally, either 

(i) further comprising deriving an output signal 
indicative of mass flow from said recovered 
Coriolis component, or 

(ii) further comprising synchronously demodu- 
lating a signal representing the recovered Cori- 
olis component with a referenced signal in 
quadrature with the drive component to produce 
an output signal indicative of massf low, in which 
case, optionally further comprising 

recovering the drive component from 
said two sensor outputs and generating a refer- 
ence signal for synchronous demodulation of 
the recovered Coriolis component, 90° out-of- 
phase with the recovered drive component; in 
which case, optionally, 

further comprising controlling the oscilla- 
tion of each conduit section with a drive signal 
derived from said recovered drive component, 
in which case, optionally, 

wherein controlling the oscillation of 
each conduit includes developing a drive signal 
corresponding to the first-derivative of said 
recovered drive component, in which case, 
optionally 

further comprising applying complemen- 
tary forms of said drive signal to complementary 
force drivers at opposite ends of each section, 
respectively; or 

C) wherein the drive component is recovered, and, 
further optionally, further comprising controlling the 
oscillation of each conduit in accordance with a drive 
signal derived from the recovered drive component, 
in which case, further optionally, either 

(i) wherein said drive signal corresponds to the 
first derivative of said recovered drive compo- 
nent; or 
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(ii) further comprising applying complementary 
forms of said drive signal to complementary 
force drivers at opposite ends of each section. 

In a Coriolis-type mass flowmeter having at least 
one oscillating conduit, the combination comprising 

an oscillation drive system coupled to the conduit 
to oscillate a section thereof, 

a detector system arranged to sense the displace- 
ment of the ends of said section producing correspond- 
ing complementary sensor outputs, each including a 
drive component and a coriolis component, and 

a signal processing circuit connected to receive 
said sensor outputs for recovering one of said compo- 
nents therefrom, and, optionally, further comprising 

another conduit, 

said oscillation drive system also being coupled 
to said other conduit to oscillate a section thereof in syn- 
chronism with the section of said one conduit, 

said detector system further arranged to sense 
the displacement of the ends of the section of said other 
conduit producing corresponding complementary sen- 
sor outputs, each including a drive component and a 
Coriolis component, and, optionally, either: 

A) wherein said signal processing circuit recovers 
the Coriolis component, further comprising 

a detection circuit connected to receive said 
recovered Coriolis component from said signal 
processing circuit and having an output signal indic- 
ative of mess flow, in which case, further optionally, 

wherein said derivation circuit includes a syn- 
chronous demodulator connected to receive the 
recovered Coriolis component and a reference sig- 
nal in quadrature which the drive component and 
having an output signal indicative of mass flow, in 
which case, further optionally 

wherein said signal processing circuit recov- 
ers the drive component from said two sensor out- 
puts, and further comprising a quadrature reference 
generator connected to receive the recovered drive 
component and having an output quadrature refer- 
ence signal 90° out-of-phase therewith, in which 
case, further optionally, either: 

(i) further comprising 

a differentiator having an input connected to 
receive the recovered drive component and an 
output forming the drive signal input to said 
oscillation drive system; or 

(ii) further comprising 

a drive signal generator responsive to the output 
of said differentiator drive system, and 
a variable gain control circuit between said dif- 
ferentiator and said drive signal generator; or 

(iii) wherein said oscillation drive system 
includes a driver coupled to each end of each 
conduit section, complementary force drivers at 
opposite ends of each conduit section; or 



B) wherein said signal processing circuit recovers 
the drive component, further comprising 

a derivation circuit having an input connected 
to receive the drive component and an output form- 
5 ing a drive signal input to said oscillation drive sys- 
tem, in which case, further optionally either; 

(i) wherein said derivation circuit includes a dif- 
ferentiator; in which case, further optionally, 

w wherein said derivation circuit includes a varia- 

ble amplitude control circuit; or 

(ii) wherein said oscillation drive system 
includes a pair of drivers coupled to opposite 
ends respectively of each conduit section, said 

is drive signal being applied in complementary 

forms to said drivers respectively, or 

C) wherein said signal processing circuit recovers 
both said components, further comprising 

20 a reference generator responsive to the 

recovered drive component having at least one out- 
put forming a reference signal with a predetermined 
phase relationship thereto, and 

at least one synchronous demodulator hav- 

25 ing a signal input connected to receive the recovered 
Coriolis component and a reference input connected 
to receive said reference signal and an output indic- 
ative or a detected parameter. 

30 Claims 

1 . A Coriolis-type mass flowmeter, comprising 

a block 

a conduit loop substantially encircling said 
35 block and having its inlet and outlet ends solidly 
mounted to said block in juxtaposition with each 
other, 

drive means for oscillating a section of said 
loop about its midpoint, and 
40 means for measuring the magnitude of Cori- 

olis forces arising as a result of mass flow in said 
loop while undergoing oscillatory motion. 

2. The flowmeter of claim 1, wherein said section of 
45 said loop is substantially straight. 

3. The flowmeter of claim 2, wherein an inlet/outlet axis 
of the flowmeter is defined by said block, and said 
straight section is perpendicular to the inlet/outlet 

so axis. 

4. A Coriolis-type mass flowmeter as claimed in claim 
1, comprising 

a further conduit loop substantially identical 
55 to said conduit loop, each substantially encircling 
said block and each having its inlet and outlet ends 
solidly mounted to said block in juxtaposition with 
each other and with the ends of the other loop. 

said drive means for oscillating a section of 
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each loop about its midpoint, and 

said means is for measuring the magnitude 
of Coriolis forces arising as a result of mass flow in 
each straight section while undergoing oscillatory 
motion. s 

5. The flowmeter of claim 4, wherein said section of 
each said loop is parallel and substantially straight. 

6. Thef lowmeter of claim 5. wherein an inlet/outlet axis 10 
of the flowmeter is defined by said block, and said 
straight sections are perpendicular to the inlet/outlet 
axis. 

7. A Coriolis-type mass flowmeter, comprising is 

a block defining an inlet/outlet axis for the 
flowmeter, 

a conduit loop substantially encircling said 
block and having its inlet and outlet ends solidly 
mounted to said block in juxtaposition with each 20 
other, said loop having a nominal plans which is sub- 
stantially parallel to said inlet/outlet axis, 

drive means for oscillating said loop in a man- 
ner which establishes oscillation of a portion of said 
loop about a node arising along the vibrating length 25 
of said loop, and 

means for measuring the magnitude of Cori- 
olis forces arising as a result of mass flow in said 
loop while undergoing oscillatory motion. 

30 

8. The flowmeter of claim 7, wherein said section of 
said loop is substantially straight 

9. Thef lowmeter of claim 8, wherein an inlet/outlet axis 

of the flowmeter is defined by said block, and said 35 
straight section is parallel to the inlet/outlet axis. 

10. A Coriolis-type mass flowmeter as claimed in claim 
3, comprising a further conduit loop substantially 
identical to said conduit loop, each substantially 40 
encircling said block and each having its inlet and 
outlet ends solidly mounted to said block in juxtapo- 
sition with each other and with the ends of the other 
loop, said loops both being nominally planar and 
parallel to the inlet/outlet axis of the flowmeter, 45 

said drive means is for oscillating said loops 
180 degrees out of phase with each other in a man- 
ner which establishes oscillation of a portion of each 
loop about a node arising along the vibrating length 
of each respective loop, and 50 

said means is for measuring the magnitude 
of Coriolis forces arising as a result of mass flow in 
said loops while undergoing oscillatory motion. 

1 1 . The flowmeter of claim 1 0, wherein the sections of ss 
said loops are parallel and substantially straight. 

12. The flowmeter of claim 12, wherein an inlet/outlet 
axis of the flowmeter is defined by said block, and 



said straight sections are parallel to the inlet/outlet 
axis. 

13. The flowmeter of claim 12 wherein said loops are 
oriented such that the inlet/outlet axis of the flowm- 
eter runs in parallel midway between the two loops. 

14. The flowmeter of claim 13, further comprising an 
inlet section and an outlet section of straight pipe 
extending in alignment in opposite directions from 
said manifold block forming the inlet and the outlet 
of said flowmeter, 

a pair of mounting flanges, one on the end of 
each said section of pipe for interconnection with the 
pipeline. 

said loops being oriented parallel to said pipe 
sections, one loop on either side of said pipe sec- 
tions such that the loops straddle the inlet and outlet 
pipe sections. 

15. The flowmeter of claim 2, 5, 8 or 11, wherein the 
ends of each said loop mounted to said block are 
substantially parallel to each other and perpendicu- 
lar to said straight section. 

16. The flowmeter of claim 1, 4, 7 or 10. wherein said 
block is relatively massive compared to each said 
loops and is nominally stationary while each of said 
loops oscillate. 

17. The flowmeter of claim 16, wherein said block is a 
manifold block having an inlet and an outlet for the 
flowmeter and internal channels intercommunicat- 
ing the flowmeter inlet and outlet with the corre- 
sponding inlet and outlet of each of the loops. 

18. The flowmeter of claim 17, wherein said inlet and 
outlet for the flowmeter are substantially coaxial and 
the bulk of said block is interposed substantially 
between its inlet and outlet. 

1 9. Thef lowmeter of claim 1 0, wherein said drive means 
comprises means for oscillating said straight sec- 
tions about their respective perpendicular bisectors. 

20. Thef lowmeter of claim 1 9, wherein said drive means 
includes a pair of drivers located at opposite ends of 
the straight sections to oscillate said sections about 
their midpoints. 

21. The flowmeter of claims 1 or 7, wherein said drive 
means comprises a pair of drivers located at oppo- 
site ends of the straight section for oscillating said 
straight section about its perpendicular bisector. 

22. The flowmeter of claims 14, 20 or 21, further com- 
prising support arms cantilevered from said block 
supporting said drivers. 
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23. The flowmeter of claims 2, 5, 8 or 1 1 . wherein each 
said loop is nominally planar and the inlet and outlet 
ends of said loop are connected to one side of said 
block and said straight section of each loop is adja- 
cent the opposite side of the block. s 

24. The flowmeter of claim 22 as dependent on 14 or 
23, wherein each said loop is in the general shape 
of a letter "B". 

10 

25. The flowmeter of claim 4 or 10, wherein said two 
loops are substantially identical parallel continuous 
conduit loops, connected to the block such that said 
loops are freely suspended therefrom and exhibit 
matching inherent vibrational resonances. is 

26. The flowmeter of claim 24, wherein said loop is con- 
nected to the block such that said loop is freely sus- 
pended therefrom. 

20 

27. The flowmeter of claim 25 or 26, wherein said vibra- 
tional resonance of said loop in the driven mode of 
oscillation is substantially determined by the tor- 
sional resilience of the legs of each loop. 

25 

28. An in-line Coriolis-type mass flowmeter for measur- 
ing mass flow in a pipeline, comprising 

a massive single stationary manifold block 
with an inlet and an outlet substantially coaxial with 
said inlet adapted to be connected to the pipeline, 30 
the bulk of said block being interposed substantially 
between its inlet and outlet, 

a dual loop assembly including two substan- 
tially parallel planar identical continuous conduit 
loops, each extending around said block so as to 35 
encircle said block and each having loop inlet and 
outlet ends rigidly connected in proximity to each 
other directly to one side of said block such that said 
loops are freely suspended therefrom and exhibit 
matching inherent vibrational resonances, *> 

integral channels defined within said block for 
communicating the inlet and outlet of the block to the 
inlets and outlets of the loops, respectively, 

said loops being oriented parallel to the pipe- 
line and positioned such that the axis of the pipeline 45 
runs in parallel midway between the two loops, said 
dual loop assembly thus straddling the pipeline axis, 

said loops having parallel straight sections on 
the side of the block opposite from the side to which 
the ends of the loops are connected, so 

drive means for oscillating said straight sec- 
tions 180 degrees out of phase with each other in a 
manner which establishes oscillation of a portion of 
each loop about a node arising along the vibrating 
length of each respective loop, and ss 

means arranged on the oscillating portions of 
said loops for sensing the effect of Coriolis forces 
arising from mass flow in each oscillating loop, and 
optionally either: 



A) further comprising means for mounting the 
manifold block in-line with the pipeline; or 

B) wherein said sensing means includes a pair 
of tube motion sensors located at opposite ends 
of the straight sections; or 

C) further comprising a pair of separate node 
plates each welded across a respective end of 
one of said loops and the adjacent end of the 
other of said loops so that drive torques experi- 
enced by the corresponding loop ends at each 
plate are in opposite senses; or 

D) further comprising two sections of aligned 
pipe extending beyond said loop assembly in 
opposite directions from said manifold block, 

a pair of mounting flanges, one on the 
end of each section of pipe for interconnection 
with the pipeline, 

said loop assembly straddling said pipe 
sections. 

>. An in-line Coriolis mass flowmeter for measuring 
mass flow in a pipeline, comprising 

a massive single stationary integral metal 
manifold block, 

two aligned inlet and outlet sections of pipe 
extending substantially coaxially in opposite direc- 
tions from said manifold block, 

a pipe of mounting flanges, one on the end of 
each said section of pipe for interconnection with the 
pipeline, 

a dual loop assembly rigidly mounted to and 
suspended from said block between said flanges, 
including a pair of spaced, matched, parallel B- 
shaped continuous metal conduit loops the inlet and 
outlet ends of the loops being welded in proximity to 
each other to one side of said manifold block such 
that said loops are freely suspended therefrom and 
exhibit matching inherent vibrational resonances, 
said loops also having parallel straight sections on 
the side of the block opposite from the side to which 
said loop ends are connected, 

integral channels defined within said block for 
communicating the inlet and outlet of the block to the 
inlets and outlets of the loops, respectively, 

each loop extending around said block so as 
to substantially encircle said block, 

said loops being oriented parallel to said sec- 
tions of pipe such that the axis of the pipeline runs 
in parallel midway between the two loops, the outer 
diameter of the pipe sections being substantially 
less than the spacing between the loops, the loop 
assembly thus straddling said pipe sections, 

drive means for oscillating said straight sec- 
tions 180 degrees out of phase with each other in a 
manner which establishes oscillation of a portion of 
each loop about a node arising along the vibrating 
length of each respective loop, 

a pair of separate node plates each welded 
across a respective end of one of said loops and the 
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adjacent end of the other of said loops so that drive 
torques experienced by the corresponding loop 
ends at each plate are in opposite senses, and 

a pair of sensors coupled to said oscillating 
portions of said loops near opposite ends of the 
straight sections for producing electrical outputs 
from which the magnitude of Coriolis forces arising 
from mass flow in the oscillating loops may be 
derived. 

30. A signal processing method for a Coriolis-type mass 
flowmeter having at least one oscillating conduit 
through which material flows, comprising 

oscillating a section of the conduit in a drive 
mode of oscillation, 

detecting the motion of the respective ends 
of said section and producing two sensor outputs, 
each including a drive component and a Coriolis 
component, and 

recovering at least one of said components 
from said two sensor outputs. 

31 . The method of claim 30 wherein the step of recov- 
ering at least one of said components includes com- 
bining signals representing said sensor outputs in a 
manner to form the sum of the difference of said sig- 
nals. 

32. The method of claim 31 . wherein said step of recov- 
ering at least one of said components includes com- 
bining signals representing said sensor outputs in a 
manner to form two component signals reflecting the 
sum and the difference of said sensor signals 
respectively, one of said component signals carrying 
the drive component and the other carrying the Cori- 
olis component of the sensor outputs. 

33. The method of claim 32, further comprising deriving 
from said drive component signal a quadrature ref- 
erence signal, and synchronously demodulating the 
Coriolis component signal with the quadrature refer- 
ence signal to produce an output signal whose 
amplitude is a function of the mass flow through con- 
duit. 

34. The method of claim 33. further comprising deriving 
a drive signal from the drive component signal and 
applying said drive signal to oscillate said section. 

35. The method of claim 34, further comprising auto- 
matic gain controlling the amplitude of the drive sig- 
nal to maintain it substantially constant. 

36. In a Coriolis-type mass flowmeter having at least 
one oscillating conduit, the combination comprising 

an oscillation drive system coupled to the 
conduit to oscillate a section thereof, 

a detector system arranged to sense the 
motion of the ends of said section producing a pair 



of sensor outputs, each including a drive component 
and a Coriolis component, and 

a signal processing circuit connected to 
receive said sensor outputs for recovering one of 
5 said components therefrom. 

37. The apparatus of claim 36, further comprising 
another conduit, 

said oscillation drive system also being cou- 
rt? pled to said other conduit to oscillate a section 
thereof in synchronism with the section of said one 
conduit, 

said detector system further arranged to 
sense the motion of the ends of the section of said 
75 other conduit producing a pair of sensor outputs, 
each including a drive component and a Coriolis 
component 

38. The apparatus of claim 36 or 37, wherein said signal 
20 processing circuit includes means for combining sig- 
nals representing said sensor outputs in a manner 
to form the sum or the difference of said signals. 

39. The apparatus of claim 38, wherein said means for 
25 recovering at least one of said components includes 

means for combining signals representing said sen- 
sor outputs in a manner to form two component sig- 
nals reflecting the sum and the difference of said 
sensor signals respectively, one of said component 
30 signals carrying the drive component and the other 
carrying the Coriolis component of the sensor out- 
puts. 

40. The apparatus of claim 39, wherein said signal 
35 processing circuit further includes means for deriv- 
ing from said drive component signal a quadrature 
reference signal, and for synchronously demodulat- 
ing the Coriolis component signal with the quadra- 
ture reference signal to produce an output signal 

40 whose amplitude is a function of the mass flow 
through the flowmeter. 

41. The apparatus of claim 40, wherein said signal 
processing circuit further comprises deriving a drive 

45 signal from the drive component signal and applying 
said drive signal to said oscillation drive system to 
oscillate each said section. 

42. The apparatus of claim 41, further comprising 
so means for controlling the amplitude of the drive sig- 
nal to maintain it substantially constant. 

43. The apparatus of claim 41, wherein said oscillation 
drive system includes a driver coupled to each end 

55 of each conduit section, complementary forms of 
said drive signal being applied to drivers at opposite 
ends of said conduit sections. 
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44. The apparatus of claim 36 or 37, wherein said signal 
processing circuit recovers both said components, 
further comprising 

a reference generator responsive to the 
recovered drive component having at least one out- s 
put forming a reference signal with a predetermined 
phase relationship thereto, and 

at least one synchronous demodulator hav- 
ing a signal input connected to receive the recovered 
Coriolis component and a reference input connected w 
to receive said reference signal and an output indic- 
ative of a detected parameter. 



14 



EP0696726 A2 




EP 0 696 726 A2 




16 



EP 0 696 726 A2 




17 



EP0696 726 A2 




EP 0 696 726 A2 




19 



EP 0 696 726 A2 




20 



EP 0 696 726 A2 




21 



